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Abstract

The use of fine water mist as one of the possible Halon 1301 replacements has been
identified for certain fire suppression situations in equipment compartments. One current
research effort is to apply the water mist sprays to suppress the fire occurring in hidden
location behind obstructions or inside the equipment compartments.

Since the mist usually contains a spectrum of drop sizes, the smaller mist droplets may
follow the gas streams closely and penetrate directly through the slots of the obstructions
while the larger droplets may be intercepted or impacted by the obstructions. When the mist
droplets are approaching the structures, the overall penetrating process of the mist flow
through the obstruction depends strongly on the transport of the mist droplets in the gas
streams, the ability of the droplets flowing through the obstruction, and the behavior of
droplets subsequent to the impaction.

The present research presents an integrated approach to model the penetration of water
mist through the obstructions for fire suppression applications.  Firstly, numerical
investigations employing the two-phase Navier-Stokes equations are achieved using
computational fluid dynamics (CFD) to evaluate the overall transport of droplets in the
vicinity of the openings, which include rectangular strips and a 3-D screen object. In
particular, the motions of the droplets coupled with the gas flow field around the objects are
analyzed. The deposition of droplets on the objects and their penetration through the spacing
of the objects are also formulated. Then, experimental investigations are performed to
address the actual impacting phenomena of droplets on objects. Droplet generators are
designed to generate droplets in a variety of operating conditions. Structures such as
cylindrical wires and mesh screens are examined in the impaction experiments. Images of
the impacting phenomena are analyzed through digital image processing. Non-dimensional
regime maps and the correlations of the impaction outcome are also developed. The
conclusions from both the numerical and experimental investigations are integrated to
provide an overall understanding to the complex interaction phenomena and to establish a

procedure for predicting the outcome of similar processes.
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Mass of a single droplet, [kg]
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Source terms of gas phase
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Turbulent fluctuation velocity, [m/s]

Gas velocity, [m/s]

Droplet velocity for numerical analysis, [m/s]
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Incoming droplet velocity, [m/s]
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Wire Bond number, defined in equation (4.5)

Drag coefficient

Inertial impaction parameter, defined in equation (2.9)

Size ratio of wire diameter to the incoming droplet diameter, defined in
equation (4.3)

Size ratio of the dripping drop to the wire diameter, defined in equation (4.4)
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Screen Parameter, defined in equation (5.1)

Droplet Weber number, defined in equation (4.1)
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Chapter One

Introduction

1.1  General Background

The abolition of fire suppressant Halon 1301 under the Montreal Protocol has led to the
research and development on the use of fine water mist as one of the possible Halon
replacements in certain fire suppression applications. The use of fine water mist for certain
fire suppression applications has been discussed by Jones and Nolan (1995) and by Ramsden
(1996). One current on-going research effort is to apply the water mist sprays to suppress fire
occurring inside equipment compartments. However, the penetration of water mist is a very
complex phenomenon. Whether the mist spray can reach the fire inside the equipment
compartment or not is strongly dependent upon the transport of mist droplets in the gas
streams, the ability of the droplets penetrating through the openings of the compartment, and
the behavior of droplets subsequent to the penetration.

The fine water mist normally contains a spectrum of droplets with diameters ranging from
10 pm to 200 um (Lefebvre, 1989) while the drops of the typical water sprinklers have
spectrum usually larger than 250 pm (Jones and Nolan, 1995). However, the use of mist
sprays verses sprinkler drops in certain fire situations is very much dependent upon how the
water drops reach the fire location. For example, for the fire occurring in an open space,
larger droplets from water sprinklers, with greater momentum, may be able to penetrate the
plume to the fire while smaller mist droplets may be pulled into the fire from the side by the
strong gas convective streams induced by the fire source. Furthermore, if the fire occurs in
hidden locations behind certain obstructions in an equipment room or in a computer and
electrical compartment, fine water mist may be superior because it has a better capability to
circulate around the obstructions by closely following the air streams and to penetrate into the
compartment through the opening slots.

In addition, for the water mist droplets which are intercepted by the structures, the
intercepting process of the droplets is influenced by the configurations of the opening which
could be bars, slots, and screens. At present, there is not much published literature about the
interaction between the mist droplets and these opening structures.

Although the phenomena are complex, the interactions generally include the transport of
droplets around the impacted objects, and the impaction and deposition of droplets on the
surface of the objects. Once these principal phenomena are properly understood, a
comprehensive understanding of the overall process can be integrated. This is the main focus
of the current investigation.

The interaction of the water mist and the opening structure of compartment has been
modeled through numerical computations and experimental investigations. The objective is
to reveal the transport mechanisms, impaction, and penetration of water mist droplets, and to
predict their implications through compartment openings during fire situations (Hung and
Yao, 1996a, 1996b, 1997).



In many actual situations, there may exist high temperature gradient regions and the water
mist may be vaporized rapidly. However, this present study concentrates mainly on the
impacting dynamics and transport of water mist droplets in an isothermal environment.
Therefore, the model of droplet evaporation is not accounted for in this study. With the
consideration of droplet evaporation, the larger mist droplets might evaporate and gradually
become smaller while smaller droplets might disappear very soon. Therefore, the spectrum
of the water mist may become more complex and there may exist some optimal mist
conditions which could be effective for certain fire suppression situations.

1.2 Transport of Water Mist for Fire Suppression

The overall transport process of the water mist droplets is strongly influenced by the flow
condition as well as by the structural shapes of the obstructions or openings. The smaller in-
flight droplets with tens of micron in diameter may follow the air stream closely with better
penetrating capability while the larger ones may be intercepted or impacted by the structures.

When the droplets flow along with the gas streams, the primary transport mechanism of
the droplets is basically an inertial-controlled aerodynamic process. The dynamics of the
droplets are coupled with the motion of the gas streams. In the vicinity of the object, the gas
streams will bend away from the object (stagnation point flow), and the droplets might follow
the gas streamlines until they begin to curve around the object. The larger droplets, with
higher inertia, may continue their motion toward the object and impact upon its surface. On
the other hand, the smaller ones may follow the gas streams closely to flow around the object
without hitting it. This process is commonly known as the inertial impaction.

The inertial impaction of particles on objects such as cylinders, spheres, disks, and
rectangular strips has been examined carefully by various researchers both theoretically
(Langmuir and Blodgett, 1946; Ranz and Wong, 1952; Golovin and Putman, 1962; Noll and
Pilat, 1970; and Konstandopoulos et al., 1993) and experimentally (May and Clifford, 1967;
Noll and Pilat, 1970; Eleftheriadis and Colbeck, 1992; and Hahner et al., 1994) for aerosol
research. Among these works, the common interests were to analyze the impaction
characteristics and its corresponding collection efficiency on the objects.

If the droplets are flowing uniformly across the flow domain from upstream towards a
single object or a group of objects, some droplets may impact and be retained on the surfaces
(deposition) while others may be able to escape through the spacing between the objects and
continue to move on with the gas streams further downstream (penetration). The governing
factors of this transport situation are the flow condition of the gas streams, the properties of
the droplet, and the geometry of the objects. While it is apparent that both mechanisms,
deposition and penetration, are closely connected, there is no information available from the
published studies addressing this issue. Therefore, it is desired to explore and to devise a
methodology to evaluate the penetration of droplets through the spacing between the objects.

In addition to the above upstream droplet transport phenomena, it is also known that a
cross flow over an object or a bluff body would induce secondary flow and transient vortex
structures downstream behind the body at a certain range of flow conditions, primarily
distinguished by the Reynolds number. Therefore, for those droplets co-flowing with the gas
streams and penetrating through the gaps between the objects, their trajectories might be



strongly influenced by the nature of wake behind the objects which can usually be
characterized by the alternate vortex shedding. However, it has not been revealed from the
available llterature of how the wake and the time dependent vortex shedding structure would
affect the motions and trajectories of the droplets.

Therefore, at many occasions, the water mist may behave very differently during transport
and shows advantages or specific drawbacks than the conventional water sprinkler drops.
There are three typical situations studied in this research study.

First, due to the drag force exerted by the surrounding air, the falling droplets with
different sizes exhibit different terminal velocities. Figure 1.1A shows that when the mist is
injected to an open fire, the mist droplets might penetrate into the fire from top or from the
side. Smaller droplets may have a better chance to be pulled into the fire by the suction effect
from the side, and the volumetric spectrum of the droplets will be very critical to this suction
process. In addition, the traveling time of the mist droplets could be longer than that of the
sprinkler drops.

Secondly, as shown in Fig. 1.1B, if the water mist is used to suppress a fire which occurs
behind a structure or an obstruction, whether the mist can circulate around the obstruction to
reach the fire behind it will also be a critical concern.

Finally, the opening structure of a typical compartment usually consists of discrete
partitions such as slots and strips (Fig. 1.1C). Since the existence of these structures may
reduce the penetrating effectiveness of the mist into the compartment by blocking its entry, it
is important to estimate the fraction of the total mist which would penetrate into the

compartment through these opening structures.

Mist Generator

Ceiling

Floor



Symmetric BC Symmetric BC

Opening Structure

Compartment

C D

Figure 1.1 Some phenomena of fire situations

Mist penetrates into an open fire

Mist penetrates around an obstruction

Mist penetrates into a compartment through the opening slots

Enlarged view of droplets penetrating through the compartment openings

Tak»

1.3 Impaction of Mist Droplets on Compartment Openings

As in continuation with the previous discussion, the penetrating process of the mist flow into
an equipment compartment through the openings is very complex. While the smaller
droplets in the mist may follow the air stream closely and penetrate directly through the slots
of the openings, the larger ones may be intercepted or impacted directly by the opening
structures.  Figure 1.2 displays the phenomena of mist droplets penetrating into the
compartment. However, part of the mist which is intercepted by the structures may build up
liquid films and subsequently penetrates into the compartment in the form of larger drop sizes
from the detachment of liquid films. Since the intercepting and impacting processes are
strongly influenced by the shapes of the openings which could be bars, ventilating screens, or
multiple slots, it is important to understand the interaction between the water mist droplets
and the opening structures.
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Figure 1.2 A schematic of mist penetrating and intercepting on an opening structure

The impaction process of droplets on surfaces involves a number of complex
mechanisms. Therefore, comprehensive research effort has been focused on revealing the
fundamental behavior of droplets impacting on solid surfaces.

Among the extensive amount of published studies, research works have been performed
on the impacting phenomena of droplets onto large planar solid surfaces (Harlow and
Shannon, 1967; Lesser, 1980, Cazabat, 1987, Yao and Cai, 1988; Chandra and Avedisian,
1991; Cohen, 1991; Kral et al., 1993; Fukai, et al., 1995; and Zhao et al. 1996a, 1996b).
Various approaches such as sequential photographic technique, high speed photography,
digital imaging analysis, numerical computation, and analytical modeling have been
undertaken to study the spreading behavior, the contact angle, the angle of impact, the
wetting effect, the breakup and disintegration, the deformation profile, and the fluid dynamics
of the impacting droplets. A comprehensive review by Rein (1993) presented the phenomena
of liquid drops impacting on both solid and liquid surfaces. He concluded that the outcome
of droplets impaction depends on the properties of the droplet, the droplet impact velocity,
the condition of the impacted surface, and the ambient fluid. The impacting phenomena
could include a combination of bouncing, spreading, splashing, and coalescence.

In many other situations, however, the geometry of the impacted surface may be very
complex and far from being planar. For example, in the agricultural applications, sprays of
pesticide and herbicide are targeted to cover the plants such as crops, leaves, and stems, all
with very complex geometric shapes and sizes. In the medical field, nasal sprays have been
used extensively. Drops of medication are expected to deposit onto the surface on the lung
directly. However, the trajectories of the in-flight droplets might be intercepted by the nasal
hair in the nostrils and bronchial tubes before even reaching the desired locations in the lung.
Hair sprays are also a specific example: Hair size is typically on the order of 50 to 80 pm



which is very compatible with the size of the fine mist sprays. There is a tremendous need to
understand how hair spray droplets interact with the hair texture of comparable size. When
the droplets collide with these surfaces, the spreading and the splashing characteristics would
be quite different and the results of droplets impacting on planar surfaces may not be directly
applicable to the non-planar cases.

In contrast, very limited published literature is available on droplets impacting on non-
planar surfaces. An early study by Levin and Hobbs (1971) used a high speed camera to
examine the droplets impacting on a curved wall with the radius of curvature much larger
than that of the droplet. Later, Dear and Field (1988) also investigated the surface geometry
effect in liquid/solid impact using high speed photography to study the propagation of shock
waves in both the liquid and the impacted medium. More recently, Bussmann et al. (1997)
studied the phenomena of a single 2 mm water droplet impacting on an arbitrary surface
geometry such as a 45 degree inclined flat surface and a sharp edge. They suggested that the
phenomena of droplets impacting on these arbitrary surfaces were very different than that of
the typical flat surface impacting situation.

In the above published studies, the droplets are usually very small compared to the
dimension of the impacted surface. Very little information has been reported on droplets
hitting on surfaces with finite dimensions which are comparable to the sizes of the droplets.
A relevant work in this area was performed by Yao et al. (1988). They studied the
phenomena of droplets impacting on thin rectangular strips which were heated beyond the
Leidenfrost temperature. They showed that when the droplet diameter and the strip thickness
were comparable, the impacting phenomena included a combination of splashing and cutting.
Recently, Liu et al. (1994) performed a numerical study to examine the spreading behavior
and consolidation of molten droplets impinging on a waved target surface. They concluded
that when the droplet impacted on a waved surface, it spread in a radially outward direction
and maintained a relatively good contact and adhesion with the waved surface. Through
these preliminary studies, it is expected that the geometry and size of the impacted surface
would play a significant role in the outcome of the droplet impacting phenomena.

1.4 Objectives of the Current Work

This research has been carefully designed to address the key fundamentals of the transport
and the impacting dynamics of spray droplets penetrating through the complex openings of
compartments. The primary objectives are:

1) To examine numerically the transport of spray droplets around the opening of the
compartments. This includes the analysis of droplet motion at the upstream, around,
and downstream locations of the objects. In addition, the impaction characteristics
and its corresponding collection efficiency and penetration efficiency are also
explored.

2) To reveal experimentally the direct impacting dynamics of droplets on to a selection
of objects with complex geometry. The designs of two droplet generators which
would produce droplets in a variety of operating conditions are explored. Non-



dimensional parameters and regime maps are utilized to identify the impaction
characteristics and outcome.

3) To integrate the results together in order to provide a comprehensive understanding
and physical insights to the overall transport and impacting dynamics phenomena.

Chapter Two presents the numerical modeling of the transport of spray droplets around
the complex objects. Computational Fluid Dynamics (CFD) approach employing a two-
phase Eulerian-Lagrangian formulation is used to analyze the transport of both the gas phase
and droplet phase around the objects. Formulations are also developed analytically to
account for the collection and penetration characteristics of droplets associated with the
objects.

The overall experimental apparatus and the procedure are documented in Chapter Three.
The theory of producing mono-size droplets will be discussed. The designs of the two mono-
size droplet generators, which are capable of generating the droplets in a variety of operating
conditions, are also presented. The experimental conditions which cover a wide range of
droplet sizes and impacting velocity are described in details.

The experimental study of droplets impaction are presented in the following two chapters.
In Chapter Four, the impaction studies on horizontal wires are detailed. Non-dimensional
regime maps and correlations are developed to characterize the impacting phenomena. Then,
in Chapter Five, the experimental works are extended to the situation of droplets impacting
on horizontal wire screens.

In Chapter Six, the contributions of the research are summarized and some potential
research areas for further investigation are identified.



Chapter Two

Numerical Investigations of
The Transport of Droplets Around Complex Objects

Summary

The transport of spray droplets around the objects is numerically investigated in this chapter.
A computational fluid dynamics (CFD) approach is employed to evaluate the two-phase
transport in the vicinity of the objects. The transport, impaction, and penetration of droplets
over a rectangular strip, a local screen structure, and a group of staggered objects will be
illustrated. The purpose of this study is to understand the mechanisms of penetration and
impaction of droplets onto the objects. The results from these investigations provide the
physical insights for applications such as the water mist penetration and transport for fire
suppression and droplets flow over a screen structure.

2.1 Model Formulations

The basic formulations and the computational procedure to solve the set of transport
equations for both the gas phase and the droplet phase are presented in the following sections:

2.1.1 Motion of Droplets During Free Falling

This section presents a numerical analysis of free falling droplets. The effect of time delay
and change of volumetric spectrum of free falling mist droplets in stagnant air are examined.
It is important to understand how the time delay and change of droplet spectrum would affect
the deposition flux penetrating into the location at a certain distance from injection.

Assuming a low subsonic speed where the wave drag is negligible, the equation of motion
of a single free falling droplet can be represented by the formulation below (Chow, 1979):

av _ 1,4 1 VIv|=D,*C 2.1
Tetgp T e T T gy T A e @1

The terms on the right hand side are the weight, buoyant force, force on an accelerating body
(work against the stagnant fluid suddenly set into motion), and drag force by the viscous
effect of the surrounding fluid, respectively. The Cq is the drag coefficient which is related to
the Reynolds Number based on the drop diameter, given by Chow (1979), with the following
correlations:
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When the droplet achieves the terminal state, i.e., the d/dt terms in equation (2.1) vanish, the
terminal velocity can be found as:

1
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Equation (2.1) is an ordinary differential equation and it can be integrated numerically using
the 4™ order Runge-Kutta method to obtain the displacement and velocity as a function of
time and droplet size.

The terminal velocity is plotted against the droplet size in Fig. 2.1, and it is proportional
to the square root of the droplet size. Higher terminal velocity corresponds to a larger droplet
size. Figure 2.2 shows the displacement of the droplets as a function of droplet size and time.
It is worth noted that the typical time of travel for the mist spectrum is on the order of
seconds, much longer than that of the larger drops. Typical time of travel (or delay) for the
mist sprays of 70 pum to arrive a distance of 2 m would take about 16 seconds.

If the initial drop size distribution can be represented using a Rosin-Rammler equation
(Fig. 2.3), the volumetric number density distribution of droplet can be obtained by dividing
the Rosin-Rammler droplet distribution by the terminal velocity for each droplet size. The
minimum drop size used to determine the distribution is 5 um. As shown in Fig. 2.4, the
volumetric distribution curve is highly skewed to the left, indicating that there are more
smaller droplets present than the larger droplets. This indicates how much in proportion of
droplets with different sizes might be present at a specific location in the flow domain.
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2.1.2 Equations of the Two-Phase Transport

The transport of spray in terms of the two-phase air droplet flow is modeled numerically with
a three-dimensional transient computational fluid dynamics (CFD) code. This computer code
is under continued development to accommodate various spraying applications in
automotive, painting, coating, and agricultural industries.

The equations for the convective transport of the gas phase are formulated by the
conservation of the mass, momentum, enthalpy, turbulent kinetic energy, and energy
dissipation rate of the turbulent kinetic energy for an unsteady, compressible, turbulent flow.
The source terms in each of these transport equations represent the effects the droplets phase.
The two phases are fully coupled through the source terms. The so-called “Eulerian-
Lagrangian Scheme” is employed for the numerical modeling. The turbulent gas flow is
modeled using the two-equation, k-¢ method in an Eulerian coordinate; and the droplets are
traced stochastically in a Lagrangian coordinate. The droplet dispersion is implemented by
modeling the interaction between the gas turbulent eddies and trajectories of the droplets.
The details of the formulation of the multi-phase flow can be found from Chung (1993) and
Shang (1992).

The gas transport equations are solved using the transient time-averaged Navier-Stokes
equations with the standard two-equation, k-¢ turbulence model in an Eulerian formation.
The general governing equation of the gas phase transport is given by:

g(p@) +V - (pU0) = V- (CY®D) + Sy + S, (2.4)

The effect of the gas turbulence on the droplet transport is obtained by adding a velocity
fluctuation u’ to the mean gas velocity while tracing the droplets. Assuming isotropic
turbulence, u’ is sampled randomly from a Gaussian distribution with standard deviation of
\2k/3. The k is the turbulent kinetic energy of the gas phase where the droplet is located.

The droplet dispersion is implemented by modeling the interaction between the gas turbulent
eddies and trajectories of the droplets in the following droplet momentum equation:

]
av, =Ui+u,—v, +i

dat T m, (2.5)
where the magnitude of relaxation time, 7,is determined by:
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and the Cp is the drag coefficient given by Amsden et al. (1985).

Finite difference approximations are employed to discretize the transport equations on
non-staggered grid mesh systems. A third-order upwind scheme plus adaptive second-order
and fourth-order dissipation terms are used to approximate the convective terms. A pressure
based predictor/multi-corrector solution procedure is employed to enhance velocity-pressure
coupling and mass-conserved flow field solutions at the end of every time step. A time-
centered Crank-Nicholson time-marching scheme is used for the temporal discretization in
the transient flow simulations.

A large number of droplet groups are traced through the flow field. Every droplet group
represents a number of real droplets with the same properties and is calculated independently.

2.2 Transport of Droplets over Rectangular Strips

This section is divided into two parts in an attempt to evaluate the mist transport: First, the
transport of droplets in an air flow across and in the vicinity of a single rectangular strip is
investigated by using the numerical solutions of Navier-Stokes equations with droplet
motions. Then, based on the flow analysis, an analytical expression is obtained to provide a
quantitative understanding of the penetration of the droplets through the opening slots of an
equipment compartment.

2.2.1 Computational Conditions

Numerical simulations employing the two-phase Navier-Stokes equations in a two-
dimensional formulation are obtained to reveal the flow field and the droplet motions around
a single rectangular strip (Fig. 2.5). This strip with a width of 0.047 m is positioned
horizontally as a blocking object or an obstruction in the flow field with dimensions of a
length of 0.234 m and a width of 0.563 m. Cartesian grids of 61 x 61 are used in the flow
domain. The grids are non-uniformly spaced and a denser arrangement is made near the strip.
The free stream velocity of the gas is 1m/s which gives the Reynolds number based on the
target width (Re; = p,DU/p) of 3126. Droplets of uniform size distribution of 20, 50, 100,
and 200 um are uniformly injected with the gas phase across the flow field from the top of
the domain. The initial injecting velocity of the droplets is the sum of the gas streams
velocity and the terminal velocity corresponding to that droplet size. The relative velocity
between the droplet and the gas streams is important for the effect of turbulent fluctuation.
The objective is to examine the droplet trajectories above, around, and beneath the strip, and
the local deposition pattern of the droplet on the strip.

I3



Symmetric BC Symmetric BC

Figure 2.5 A schematic of the flow over a rectangular strip

The time step has to be reasonably small enough to capture the real trajectory of the
droplets in the vicinity of the strip. If the time step is too large, the droplets tend to overshoot
their trajectories. As the droplets approach the object, the larger ones may be intercepted by
or impacted on the obstruction due to inertia while the smaller ones may follow the air
streams closely to flow around it without impaction. However, the governing factors of this
transport mechanism are the flow condition of the air streams, the properties of the droplet,
and the geometry of the blocking object. In addition, it is also known that a cross flow over
an object (stagnant point flow) would induce secondary flow and vortex structures
downstream behind the object at a certain range of Reynolds number. Therefore, the
trajectories of the droplets might be strongly influenced by the nature of wake behind the
object which can usually be characterized by the alternate vortex shedding.

2.2.2 Results and Discussions

Figure 2.6 shows the typical plots of the droplet trajectories of both 50 um and 200 um
droplets in the vicinity of a horizontal strip. Some droplets traveling from above the strip
will deposit on it. In general, those droplets which deposit on the strip show different angles
of impact. Smaller droplets tend to follow the air streams closely and escape from
deposition; while larger droplets have more inertia and would collide with the strip more
frequently. For example, when the 50 pm droplets are approaching the strip, those near the
edges of the strip are driven away easily by the air streams without hitting the strip.
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Figure 2.6  Droplet trajectories in the vicinity of a strip (A - 50 ym; B - 200 um)

Their local deposition patterns are found in Fig. 2.7. It shows that the 50 pm droplets
exhibit more curvature of their trajectories associated with the air streams and tend to impact
on the edges of the strip more often. On the other hand, the 200 um droplets tend to move in
straight lines without following the curvature of the air stream near the strip. Therefore, the
overall pattern seems to be more flat for the 200 pm droplets than that of the 50 pm droplets.
The deposition quantity at each location on the strip is obtained by averaging the deposition
fluxes at its adjacent locations. This observation is in close agreement to those reported as
the local deposition efficiency by Noll and Pilat (1970).
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Figure 2.7  Local deposition pattern of droplets on a strip (A - 50 um; B - 200 pm)

The gas flow streamlines together with the instantaneous distribution of the droplets in
the field are shown in Fig. 2.8 with sizes of 20 pm, 50 um, 100 um, and 200 pm. Entire
liquid phase is present in each computation to reveal the coupling effect between the two
phases. The spray is assumed to be sufficiently dilute so that the collisions between droplets
can be neglected. The grids have been restructured in order to focus on revealing the flow
condition beneath the strip (Fig. 2.8E).
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Due to the two-way coupling between the gas and the droplet phases, the gaseous
streamlines show a slight variation as the droplet size increases. Right below the strip, both
the flow re-circulation zone and the vortex shedding structure appear. The re-circulation
zone is of comparable size to that of the strip and very little number of droplets can be swept
into the re-circulation zone due to the inertia effect. The flow wake also shows the
oscillatory motion in time. Further away from beneath the strip, turbulent diffusion shall
allow droplets to migrate towards the centerline and eventually may merge together to close
the spray wake. However, the droplets may not follow the flow wake closely depending upon
the size of the droplets and the flow condition. Small droplets of 20 pm tend to follow the
gas streams closer behind the wake than the large droplets of 200 um. The 200 um droplets
form an ‘envelope’ behind the strip where no droplet can be diffused in. The cases of 50 pm
and 100 pum show the intermediate situations of the droplets in the wake behind the strip.
When the droplet size is increased, its inertia effect becomes more important such that the
droplets do not follow closely with the gas streamlines in the wake zone. Based on the above
condition of Reynolds number of 3126, it can be seen that the smaller droplets have a better
capability to circulate around the obstruction in order to reach the location behind it. Larger
droplets have more inertia and will be less likely to reach the back side of the object.

Figure 2.8  Instantaneous droplet distribution in the air streams
(A-20 um; B-50yum; C-100 pym; D- 200 um; E - grid distribution)

2.2.3 Penetration of Droplets Through the Openings

It is of interest to determine the extent to which the droplets would be penetrating through the
gaps between an array of strips. This is similar to the droplets penetration through an
opening slots structure into a compartment (Hung and Yao, 1997). In theory, the mechanism
of in-flight droplets penetrating through an array of openings can be closely related to the
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phenomena of inertial impaction. The term ‘inertial impaction’ refers to the situation where
droplets, due to inertia, impact directly against an object without following the curvatures of
the streamline in the vicinity of the object. The inertial impaction of particles on objects such
as cylinders, spheres, and rectangular strips has been examined extensively by various
researchers both theoretically (Langmuir and Blodgett, 1946; Ranz and Wong, 1952; Golovin
and Putman, 1962; Noll and Pilat, 1970; and Konstandopoulos et al., 1993) and
experimentally (May and Clifford, 1967; Noll and Pilat, 1970; Eleftheriadis and Colbeck,
1992; and Hahner et al., 1994) for aerosol research. Among the theoretical works, the
common approach to analyze the impaction characteristics and its corresponding collection
efficiency on a single object was to assume a potential flow field around the object.

Little information, however, has been reported based on a computational approach to
study the inertial impaction by computing the actual flow field around the objects. The most
relevant and advanced work was reported by llias and Douglas (1989). They performed a
numerical analysis of the deposition of aerosol particles on cylinder using a computational
fluid dynamics framework to obtain the transient nature of the flow field around the cylinder
based on full Navier-Stokes equations. Then, the motions of the droplets are numerically
integrated with the flow field solutions. It was concluded in their studies that large variation
of the results exists among the various approaches. In addition, the theoretical work of using
potential flow to predict the flow field around the object generally over-predicts the
collection efficiency while the viscous flow field grossly underestimates the results. Since
the actual flow field is neither totally potential nor viscous, solving the Navier-Stokes
equations together with the droplet motions will give the most realistic solutions for the
actual deposition process. However, the study by Ilias and Douglas (1989) did not take into
account any coupling effect from the droplet phase to the gas phase.

The present work shows several new and unique features over other related studies: First,
the two-way full coupling between the gas phase and the droplet phase, i.e., the gas phase
affects the droplet phase and vice versa, is implemented. In addition, the CFD framework is
conducted to analyze the inertial impaction on single rectangular strip and on two adjacent
strips and can also be extended to an array of strips with repeated structure.

The collection efficiency, 1, on a single target can be defined as the number of droplets of
a given size actually deposited onto the target to the number of droplets which would pass
through the projected area of the target if the target were removed. This can be defined as

follows:

No. of droplets deposited on target
"~ No. of incoming droplets over target

) 2.7

Conventionally, the collection efficiency is a function of a non-dimensional number
named the inertial impaction parameter, K. Based on Stokes law (May and Clifford, 1967),
the stopping distance, i.e., the distance that the droplet would penetrate through a stagnant
fluid when given an initial velocity, U, is given by:
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Then, the impaction parameter can be defined as the ratio of the stopping distance to the
width of the target:
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This dimensionless impaction parameter K can also be interpreted as a product of the
target Reynolds number (p,D;U/p), the density ratio of the droplet to the surrounding air, and
the squared ratio of the droplet size to the target size.

Figure 2.5 shows the schematic of the flow configuration of a compartment opening. The
computation is made in a 2-D flow domain. Both sides of the domain are set to be the
symmetric boundaries. This would allow the flow over an array of strips to be reduced to an
isolated strip. However, an immediate concern arises to examine the effect of the width of
the strip relative to the width of the flow domain (i.e., the spacing between the array).
Therefore, a blockage fraction (B) is defined as below:

' Width of blockage
"~ Width of flow domain

(2.10)

Equation (2.10) gives a geometric measure of the width ratio of the blockage relative to
the flow domain. For example, if an array of 3 strips, each has a width of 5 mm at a distance
of 10 mm apart, is placed in a 45 mm wide of flow domain, then the blockage fraction will be
0.33.

Due to the repetition of the array structure, in this study, a single rectangular strip of 5
mm width is located in the center of the flow domain. Five widths of flow domain namely,
7.5 mm, 10 mm, 15 mm, 25 mm, and 35 mm, are examined for the same strip to study the
effect of array spacing. The total length of the domain is kept constant at 50 mm. Three
velocities of the incoming air stream are selected: 0.5 m/s, 1 m/s, and 2 m/s, and the
corresponding target Reynolds numbers are 167, 334, and 667, respectively. Droplets of a
given size are injected uniformly across the flow field during each simulation. The sizes of
the droplets considered are 10 pm, 20 pm, 50 pm, and 100 pm.

The trajectories of the droplets are monitored. Once the droplets are on the strip, they are
deposited and are then taken out from the computation domain. The total number of droplets
injected directly from above the strip and the number of those droplets deposited onto the
strip are both recorded. For consistent results, the simulation of each case is repeated for 3
times. Therefore, the average collection efficiency based on the 3 trials for each K value is
obtained using equation (2.7).
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Since a typical compartment opening would consist of an array of repeated slots, there is
a need to validate the use of a single object to represent multiple slots. Therefore, another
case of flow over two strips in a 30 mm flow domain is also investigated, with each strip
having the same width of 5 mm at a distance of 10 mm apart. The results from this case are
compared with the case of the single strip in a 15 mm flow domain. Both cases have the
same blockage fraction of 0.33. From Fig. 2.9, the collection efficiencies of both situations
are almost identical, indicating that the collection efficiency of double strips can be
reasonably approximated by that of a single strip. Plotting the collection efficiency (1)
against the impaction parameter (K) on a semi-log scale would give a typical deposition “S”
shape curve. The higher the K values, the higher the collection efficiency would be. To
analyze the effect of blockage fraction on the collection efficiency, five different values of B,
namely, 0.14, 0.2, 0.33, 0.5, and 0.67, are examined. The comparisons are shown in Fig.
2.10. When blockage fraction is less than 0.33, the curves are very close to each other.

The case with B equals 0.33 is compared to other published works by various researchers
and is shown in Fig. 2.11. The current results compare well with the theoretical results
obtained by Langmuir and Blodgett (1949) and by Ranz and Wong (1952), both based on the
potential flow solutions. Therefore, it can be concluded that if the width of the strip is less
than about 33% of the width of the flow domain, the collection efficiency would not be
affected significantly by the spacing between an array of strips.
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Figure 2.9 Comparison of collection efficiency of single strip verses double strips
(B=10.33)
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Figure 2.12 Illustration of droplets penetrating through the opening slot adjacent to the blockage

To make use of the results of the present analysis for the prediction of mist penetrating
through openings, geometric consideration should be made. As shown in Fig. 2.12, for those
droplets do not deposit on the target, they will follow the air stream and penetrate through the
openings. The penetration efficiency can be developed to measure the amount of by-passing
droplets. Assuming that the droplets are at a given size and of uniform distribution across the
flow domain initially, the penetration efficiency (o) can be formulated as follows:

a=(1-B)+B(l-n) 2.11)

where the 1 is the collection efficiency and the B is the blockage fraction. The first term of
the right hand side, 1-B, is the measure of droplet penetration due to the geometry effect of
the opening. It is essentially the opening fraction of a given geometric condition. The second
term is the additional droplet penetration induced by the flow going around the strip.

The strip covers a fraction B of the flow domain. The term 1- n is the fraction of drops
which does not deposit on the strip in this region. When n tends to zero, no droplet will
deposit on the block and then o will become unity. On the other extreme, when 7 is very
close to unity, the second term vanishes and o will become 1-B. Therefore, the theoretical
limiting bounds of the penetration efficiency can be found in the following relationship:

(1-B)< a <1 (2.12)

Using the collection efficiency curve of B equals 0.33 (from Fig. 2.10), the curve of the
penetration efficiency verses K is calculated using equation (2.11), and is shown in Fig. 2.13.
It can be seen that the collection efficiency decreases as the penetration efficiency increases.
The prediction based on equation (2.11) is in close agreement with the actual numerical
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simulation, as shown in Fig. 2.13 as the data points. A maximum difference of about 5%
between the prediction and the actual computation is observed at high K values. As
illustrated in Fig. 2.13, for large drops or at high velocity, the K value is high and the
collection efficiency is very close to unity. In this situation, the droplets have higher
momentum and inertia and they tend to move in straight lines. The droplets going in the
straight lines would eventually either impact the strip or escape due to the geometric fraction
of the blockage. Therefore, the minimum value of the penetration efficiency will be simply
equal to 1-B.

On the other hand, for small drops or at a low velocity, the K value is low. The droplets
possess very little inertia, the collection efficiency is close to zero. The air streams in the
vicinity of the strip tend to drive the droplets away from the strip, and almost all of the
droplets will not deposit on the strip and eventually penetrate through the slot. This gives a
high low value of n but high a. Therefore, the maximum penetration efficiency will be very
close to unity.

At other blockage fractions, a series of curves of the penetration efficiency verses the
impaction parameter can be developed as shown in Fig. 2.14. The curves for B equals 0.67
and 0.5 are based on their own collection efficiencies shown in dotted line, while the
remaining cases are based on the collection efficiency of B equals 0.33 as indicated by the
solid line. Each of the predicted curves is also bounded by its corresponding minimum
penetration efficiency of 1-B and the maximum value of unity.
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2.3 Transport of Droplets over a Screen Object

The transport of droplets through a screen object is commonly encountered in many
distillation processes. As expected, some droplets may pass through the mesh openings of
the screen directly while others may be intercepted by the screen. The penetration and
deposition of the droplet phase are strongly influenced by the motions of the droplets,
coupled with the gas streams, in the vicinity of components of the screen. Since a screen
structure has a rather complicated configuration and many small length dimensions, it is
extremely difficult to simulate the flow to the entire screen structure without sacrificing the
details of the local interactions. Therefore, for an efficient computational approach, the
current investigation focuses on the droplet transport over a local portion of a screen
structure, as demonstrated in Fig. 2.15 for the flow analysis. It is believed that the analysis
here can also be applied to a more global screen structure in a reasonable manner. The actual
droplet impaction experiments are presented in Chapter 5.
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Figure 2.15 A schematic of droplet flow over a typical screen structure

2.3.1 Computational Conditions

Numerical simulations of droplet transport in a 3-dimensional configuration are presented for
a situation of a screen object. Figure 2.16 displays the 3-D view of the top portion of the
overall computational domain. Two rectangular blocks, each with a square cross-section, are
positioned in a perpendicular orientation. These blocks represent a local region of a screen
structure. Even though a screen object is typically made up of cylindrical wires, it is believed
that the flow over the square blocks would reveal a basic understanding for the flow over the
wires at similar conditions. In fact, similar phenomena and efficiency of the inertial
impaction were reported for both the square block and the cylindrical surface (Golovin and
Putnam, 1962). The deposition pattern on a wire, in general, might be slightly different than
that on a flat block surface due to the difference in the geometry. The experimental aspect of
the impaction of droplets on screen objects is presented in Chapter 5.

The dimensions of each block are 0.005 m x 0.005 m x 0.025 m. The overall flow
domain contains a rectangular space with dimensions of 0.025m x 0.075m x 0.025m (length
by height by width). Cartesian grids of 40 x 68 x 40 are used for the flow field analysis. As
in the previous case, the grid distributions are non-uniformly spaced such that finer mesh
arrangements are made near the blocks. The incoming gas flow velocity is selected to be at 1
m/s downward. The droplets are injected from above uniformly with a uniform size

distribution with 10 pm in diameter.

2.3.2 Results and Discussions
Figure 2.17 displays the instantaneous droplet distribution in the middle plane which cuts

through the middle block parallel to the flow domain. For the droplets injected directly from
above the block, they all deposit onto the top surface. At the downstream locations of the
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blocks, there are some droplets migrated into this middle plane due to the wake effect and the
turbulent diffusion. Note that right below the lower block, there are some droplets being
merged into the wake zone below, possibly due to the existing flow re-circulation zones.

The trajectories of the droplets passing over the blocks are displayed in Fig. 2.18. This
figure shows that there are some droplets that are deflected away from depositing onto the
block due to the inertial impaction effect described in earlier section. In general, those
droplets deposited on the surface show different angles of impaction, indicating that the local
deposition pattern may be a non-uniform profile, in accordance with the results shown in Fig.
2.19.

The penetration efficiency, a, of this 3-D double block configuration can be determined
by directly counting the number of droplets deposited on to the blocks, using equation (2.7),
through the 3-D simulation. However, in many other situations, it may not be easy to carry
out the actual 3-D computations to obtain this information, due to the limitation in computing
power. On the other hand, it has been shown before from equation (2.11) that the penetration
efficiency is simply a function of the collection efficiency, o, and the blockage fraction, B.
Therefore, equation (2.11) may actually be used to predict the 3-D penetration efficiency
based on a configuration of a 2-D rectangular strip with a comparable characteristic width.
The purpose of this demonstration is to examine the applicability of this equation in
predicting the 3-D situations.

For the 10 um droplets moving with the gas streams downwards at 1 m/s, the actual 3-D
penetrating efficiency (o) was computed to be 0.948. The blockage fraction, B, for this 3-D
configuration is found to be 0.36. The collection efficiency (n), based on the strip which has
the same width as that for the block, is 0.18 from the 2-D simulation. Therefore, using
equation (2.11), the corresponding 3-D penetration efficiency is found to be 0.935. These
two values seem to be within reasonable comparison with a difference of 1.4%. Therefore,
this illustration has demonstrated that the use of the formulation, equation (2.11) based on the
2-D collection efficiency and 3-D geometry consideration, to predict the 3-D penetration
efficiency may seem to be a justified approach.
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Figure 2.16 A schematic of the computational domain for the cross-block structure

Figure 2.17 Instantaneous droplet distribution in the middle flow field
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Figure 2.18 Trajectories of droplets passing over the rectangular blocks

Figure 2.19 A deposition pattern of droplets on the blocks
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2.4 Concluding Remarks

The use of numerical modeling to investigate the transport of droplets with the gaseous
streams around the objects with complex geometry in an isothermal condition was
demonstrated. It was successful to provide the visualization of the droplet distribution in the
flow domain and their deposition patterns on the surfaces of the objects.

The non-dimensional impaction parameter was a good way to determine the deposition
characteristic on the object. The penetration efficiency of droplets through an array of objects
could be formulated using the collection efficiency (n) and geometry consideration (B). It
had been demonstrated, by the screen situation, that the penetration efficiency of a 3-D
complex screen object could be approximated by using the collection efficiency of the 2-D
rectangular strip with similar characteristic dimension through equation (2.11). The
prediction was found to be of reasonable agreement.
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Chapter Three

Experimental Setup And Procedure

Summary

This chapter presents the details of the overall experimentation for the droplet impaction
studies. First, the principle of producing mono-size droplets is reviewed in order to explore
the design criteria for generating the droplets of desired conditions. Then, two mono-size
droplet generators are designed and implemented. The overall setup for the experiments as
well as the experimental conditions are also discussed.

3.1 Background

Fine droplets are traditionally generated by forcing liquid through a nozzle under pressure or
through the air-assisted atomization in twin-fluid atomizers. In either case, the sprays are
usually formed in a polydisperse drop size distribution, which may not be desired in some
spray applications. For example, in order to maintain the quality of ink-jet printing precisely,
there is an absolute need to generate droplets on a well controlled basis, preferably in a very
narrow droplet spectrum or even mono-disperse drop size distribution. Therefore, it is
important to identify the optimal and limiting conditions for mono-size droplet generation
based on a well documented theory. This chapter is devoted to the principle for the
production of mono-size droplets and the overall experimental setup and conditions for the
impaction study. The results for the impaction experiments are presented in the next 2
chapters.

3.2 Principle of the Production of Mono-size Droplets

The break-up of liquid jet into uniform droplets was first investigated by Savart
experimentally in 1833. He observed that a liquid jet in cylindrical form becomes unstable if
its length is larger than its circumference. This is because a laminar liquid jet exiting from a
nozzle is subjected to some natural frequencies associated with the jet. This disturbance will
lead to a natural breakup of the liquid jet. Later, the theoretical work of disintegrating a
liquid jet into droplets was examined by Lord Rayleigh in 1879. He showed that a cylindrical
liquid jet will become dynamically unstable under the action of surface tension. He then
derived the optimal wavelength disturbance (Am) which leads to the most rapid disintegration
of the cylindrical jet into uniform-sized droplets:

Am = 4.508D; 3.1)
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where Dy is the diameter of the liquid jet.
Schneider and Hedricks (1964) experimentally determined the range of A that could
generate uniform droplets:

3.5D < A < 7.0D (3.2)

It is a practical interest to find out the relationship between the size of the orifice and the
diameter of the uniform droplets. This relationship can be determined first by considering the
experimental work of Linblad and Schneider (1965). They showed that the relationship
between the liquid jet diameter and the inside diameter of the capillary tube (orifice) was
approximately:

D;=08D, (3.3)

where Do is the diameter of the orifice.

To control the break up process, artificial disturbance can be applied to the jet with
amplitude larger than the natural disturbance. The mechanical disturbance can be transmitted
to the liquid jet by the means of some vibrating devices, such as a piezoelectric transducer.
The frequency of the pulse to be applied to the transducer can be found from the wave
equation:

== (3.4)

where Vj is the velocity of the jet. The minimum velocity needed to form a jet from a
capillary tube was derived by Linblad and Schneider based on the conservation of energy
approach as:

8o %
Vi= ) (3.5)

Schneider (1964) showed that when the jet is disturbed, the mass of each droplet with
diameter d is equal to each undulation with a wavelength of A, that is,

D;*

M=
4

1
pA = P pird’ (3.6)

Equating the above expression will give the diameter of each droplet to be:
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d= (1.51),-2/1)% (3.7)

Substituting the optimal wavelength A = Am = 4.508D; for the most rapid instability, the drop
diameter and the jet diameter can be related as:

d =189D; (3.8)

Finally, the droplet diameter at a given size of orifice under the above condition is found to
be:

d=1512D, (3.9)

Equation (3.9) gives the relationship of the size of the droplet for a given orifice operating at
the optimal condition. Meanwhile, the range of operating condition for droplet generation
can also be deduced from the above equations.

3.3 Design of the Mono-size Droplet Generator

Mono-size droplets can be generated using a variety of mechanisms. This section presents
the two devices which generate mono-size droplets through the piezoelectric vibration.

3.3.1 Mono-size Droplet Stream Generator

The mono-size droplet stream generator was designed based on the Impulsed Liquid Spray
Generator developed by Ashgrizzadeh and Yao (1983). The operation of this generator is
based on the theory of the Rayleigh-type breakup of liquid jets which has been described in
details in the previous section.

Figure 3.1 displays the details of this droplet generator used for the experiments. It
consists of a fluid chamber, a piezoelectric crystal (Model 104-95NS, Piezo-electric Product
Inc.) glued on a thin brass plate mounted on top, and an orifice plate mounted on the bottom.
In some situations, this bottom orifice plate is replaced by another plate with a glass nozzle
attached. Distilled water from the reservoir is pumped into the droplet generator. As the
fluid chamber inside the droplet generator is pressurized, a liquid jet is formed through the
orifice. Electric pulse signal, monitored by an oscilloscope (Tektronix, 2211), from the pulse
generator (Tektronix, CFG250) are then applied to the piezoelectric plate. When the
piezoelectric plate is charged with pulses, it vibrates rapidly. The rapid vibration creates
disturbance which is imposed on the liquid jet. Therefore, the liquid jet then disintegrates
into fine water droplets with uniform size, spacing, and velocity.
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Assembly Parts

1: Top Cover 5: Orifice Plate
2: Piezoelectric Plate  6: Mounting Plate
3: Fluid Chamber 7: Inlet Channel

4: Chamber Housing 8: Exit Channel

water out ' P water in

r |<—°©

Figure 3.1. Schematic of the mono-size droplet stream generator

There are some design considerations for the mono-size droplets to be generated
successfully. First, the interior of the fluid chamber has to be machined smoothly because
any sharp corners or edges in the fluid chamber may create small cavities during pulsation
and then reduce the magnitude of the pressure pulse generated by the piezoelectric vibration.
In addition, the exits of the orifice or glass nozzle have to be smooth and round enough
because any burrs or rupture around the edges will destroy the formation of the droplet
stream. Finally, any residual air bubbles trapped into the chamber would also diminish the
effect of pressure pulses by the piezo-electric vibration. Therefore, special inlet and exit
channels of water flow are implemented in the fluid chamber for the bubbles to be swept
away naturally.

Figure 3.2 displays the behavior of the droplet stream subjected to piezoelectric vibration.
Both close-up and far-view pictures are included. In Fig. 3.2A, when there is no artificial
disturbance applied to the jet (i.e., when the piezoelectric vibration is turned off), the liquid
jet clearly breaks up into droplets with random sizes and spacing. However, as shown in Fig.
3.2B, when the piezoelectric vibrations are applied to the jet, the jet disintegrates into
uniform droplets with equal spacing. The stream shown here has a droplet diameter of about
680 pm moving at about 2 m/s. The corresponding piezoelectric vibration frequency is about

1000 Hz.
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B. With piezoelectric vibrations

Figure 3.2 Operation of the mono-size droplet stream generator

3.3.2 Mono-size Drop-on-Demand Droplet Generator

Another mono-size droplet generator has also been designed to accommodate the need of
generating droplets on an individual basis. Therefore, a drop-on-demand (dod) droplet
generator has been implemented (Yang, 1996). Its components are almost identical to the
droplet stream generator described in previous section. The unique feature of this drop-on-
demand generator is its superb control of droplet injecting frequency. When an electric pulse
is applied to the piezoelectric crystal, it vibrates once, giving a repulsive force at the nozzle
exit through the fluid chamber to form a single droplet. This droplet generator is capable of
producing droplets up to 10 Hz. The size of the droplet is generally very close to that of the
nozzle diameter which, at the present experiment, is between 100 pum to 300 um.

Unlike the previous stream generator, this drop-on-demand generator requires an
extremely careful control over the pressure balance between the reservoir and the nozzle exit.
In addition, the voltage supplied for the pulses is usually very high, typically ranging from
50V to 80V peak-to-peak.

3.4 Experimental Setup and Conditions

The schematic diagram of the overall experimental setup is displayed in Fig. 3.3. During the
experiment, distilled water from the liquid reservoir was pumped into the droplet generator.
A rotameter with a control valve was used to regulate the volumetric flow rate. The main
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components are the mono-size droplet generator, the distilled water loop, and the image
recording unit for data analysis.
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Figure 3.3  The overall experimental setup

The velocity of the droplet is determined by measuring the jet diameter and the volume
flux. In addition, Beckwith and Marangoni (1990) provided an alternative method which can
be used to determine the real frequency of the droplet stream as follows: Adjust the flashing
frequency of the strobe light to ‘freeze’ the images of droplet stream in space. Then, the first
frequency f; and the next lower frequency /> can be used to deduce the real frequency of the
droplet stream, f; ,:

B fix f2

S= =

(3.10)

Once the spacing between the centers of two droplets, /4, is evaluated from the image, the
velocity of the droplet is the product of this spacing and the real frequency of the droplet
stream:

Vo=lax fi (3.11)
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The droplet velocity is also determined by this method to confirm with that from the first one.
Both results are in good agreement.

In order to randomize the droplet stream, two small opposing air jets are used to perturb
the droplet stream at about 5 cm below the nozzle exit. The droplets become more randomly
spread when they approach the object. The droplets impact on to the object which is located
about 10 cm below the orifice. The images of the impacting phenomena are displayed on a
high resolution image monitor (Sony, PVM-1271Q) using a CCD camera (Javelin,
Newvichip) equipped with a high magnification stereo-microscopic lens (Nikon, SMZ-10)
and are recorded simultaneously on a video tape by a VCR. The illumination is provided by
a background strobe light (Strobotac, 1531-A) of 10 ms pulse duration. The selected images
from the video tape are captured into a Pentium Pro 200 MHz computer using a frame
grabber. These images are then analyzed frame by frame through digital image processing
software (Bioscan Optimas).

The digital images are also used for the size measurements of the droplets hanging or
dripping from the objects. Once a known length has been used for calibration, this calibrated
scale can then used to measure the drop size. At least 5 pictures of each condition are used
for obtaining a representative averaged data measurement.

In the first experiment, a droplet stream of 680 pm in diameter was generated to impact
on wires at regular offset distances. The incoming velocity of the droplet stream was
measured to be about 2.0 m/s. This stream of droplets was made to impact on wires at
various regular offset distances.

In the second experiment, a stream of mono-size water droplets with smaller diameter of
350 um was also generated using the same droplet generator. This stream was perturbed by
two small opposing air jets to randomize the spread of the droplets when they approached the
wires. This impaction experiment was for random offset distance. The velocity of the
droplet was determined by measuring the jet diameter and the volume flux which gave the
incoming four velocities ranging between 2.8 m/s and 7.0 m/s. The values of the droplet
Weber number corresponding to the velocities were 40 and 230, respectively. Under these
conditions, the piezoelectric plate was vibrating at a frequency between 3700 and 9000 Hz,
respectively, with a constant amplitude of 20 Volt PP. The volumetric flux was determined
by directly collecting the local flux at the location where the screen was positioned. It was
measured to be about 17.6 cc/min/cm?®. This volumetric flux was selected for experimental
convenience under the current conditions.

In the third experiment, a second droplet generator was also designed to operate at a drop-
on-demand condition. In this case, single droplets of about 110 pm in diameter were
generated with droplet velocity of about 1 m/s at a rate up to 10 drops per second. The single
droplets were made to impact on wires at a well controlled droplet frequency and offset
distance.

The target objects for the impaction experiments were the stainless steel wires and wire
screens. Seven wires with diameters ranging from 113 um to 1588 pm were used for the
wire experiments. For the screen experiments, twenty plain woven wire screens with
different wire diameter and mesh opening were chosen, ranging from a coarse screen of 2
meshes per inch length with diameter of 1.6 mm to a fine screen of 100 meshes per inch
length with wire diameter of 0.14 mm. The experimental results are presented systematically
in Chapters Four and Five.
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Chapter Four

The Impaction of Droplets on Horizontal Wires

Summary

This chapter presents an experimental investigation of the water droplets impacting on
cylindrical wires at isothermal condition. Mono-size droplets of 110, 350, and 680 um in
diameter were generated using piezoelectric droplet generators. The droplets were made to
impact on wires with diameters from 113 pum to 1588 pm either at a regular offset distance or
at random offset. Generally, the droplet impacting phenomena include disintegration and
dripping. If the incoming droplets are larger than the wire, finer drops are disintegrated. If
the incoming droplets are smaller than the wire, they have a tendency to form a thin liquid
film which exists consistently on the wire. This film accumulates and wraps around the wire
from both sides. It forms a liquid ligament at the bottom side of the wire. This ligament
continues to grow in the form of a pendant drop. Eventually, when the weight of the pendant
drop is large enough to overcome the surface tension force associated with the contact surface
of the wire, the drop detaches from the wire. A new correlation for the size of the dripping
drops with non-dimensional wire Bond number has been derived.

4.1 Regular Droplet Impaction

Figure 4.1 displays the schematic of the droplets impacting on wire at regular offset. The
wire was located at about 10 cm below the nozzle and was bent into a L-shape. The viewing
direction of the camera was taken from the end along the wire. In the study, the excitation
frequency of the piezoelectric transducer was set at 1000 Hz, which was also the collision
rate of the droplets with the wire. The mono-size droplet stream with diameter of 680 um at
an incoming velocity about 2.0 m/s was produced. The uniform spacing between the centers
of two droplets is approximately three times of the droplet diameter. Under this condition, 5
wires with various diameters were studied for the impaction: 381, 508, 813, 1190, and 1588
um. For each wire, the droplets were impacting at different offsets relative to the wire.

.*—OOOO

Figure 4.1  Schematic of regular offset droplet impaction
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4.1.1 Non-dimensional Parameters

The controlling parameters of the impacting phenomena in this study are the incoming
droplet diameter (d) , droplet velocity (Vo), fluid property of the droplet (p1, &), wire diameter
(D), and the offset distance of the incoming droplet relative to the wire (8). A more
generalized representation of these parameters can be grouped into non-dimensional form,
namely, the droplet Weber number (We), the offset ratio of droplet relative to wire (A), and
the ratio of incoming droplet diameter to the wire diameter (R) with the following definitions:

_ AV
He=old) @D
A= J 4.2
~ (d+ D)2 (4.2)
d
R=— (4.3)

where the Weber number is the ratio of inertia force to the surface tension. With the above
definitions, the values for the controlling parameters in this study were as follows: The
droplet Weber number was found to be 37.9. The drop diameter to wire diameter ratio was
between 0.43 and 1.77. Note that the offset value & can be measured from either side of the
wire. The offset ratio A was between 0.0 and 1.0. No contact between the droplet and wire
was made if the offset ratio was larger than 1.0.

This study is the first attempt to investigate the impacting process on cylindrical wires
using a single droplet stream. The size of the droplets is selected for experimental
convenience.

4.1.2 Results and Discussions

Generally, the impacting phenomena include the stages of attachment, accumulation of liquid
film, and the detachment. Various offsets of the incoming droplets with respect to the wire
and the ratio of droplet size to wire size affect the outcome of impaction substantially. When
the liquid droplet impacts the convex surface, as in our present case, a water film spreads
onto the wire. The surface of the wire becomes wetted. This film runs off from the point of
contact and forms an elongated water ligament beneath the wire. Larger drops are generated
from the detachment of this ligament. The results discussed here are limited to the present
experimental conditions being studied.
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Figure 4.2 shows the pictures of a water droplet stream, 680 pm in diameter, impacting
on the smallest wire with diameter of 381 um (R = 1.77). The droplets approach the wire at
the right side. At large offset with A equal 0.95, the droplets slightly touch the wire and the
contacts do not affect the shape of the droplets significantly. The droplets departing the wire
are distorted slightly; however, the spacing between the droplets and their velocity are about
the same as before the impact. At a smaller offset of 0.63, a portion of each droplet is in
direct contact with the wire, and a small fluid ligament builds up from the point of contact. It
can be seen that the droplets are further distorted and become more irregular in shape. The
droplets remain moving vertically downward at about the original size and velocity. At a
near head on collision with very small offset of 0.11, the droplets hit the wire directly from
above. Since the droplets are larger than the wire, the liquid wraps around the wire in both
directions from the point of contact. The films then regroup at the bottom of the wire to form
an elongated ligament of liquid. As this ligament becomes longer, drops are formed by
detaching from the end of this ligament and drip off downward. It can be seen that the
droplets generated below the wire are slightly larger than the ones before the impact and
possibly at a slower velocity.

The phenomena of impacting droplets on a larger wire with diameter of 813 pm (R =
0.83) are displayed in Fig. 4.3. In this case, the wire is slightly larger than the droplets.
When the droplets barely touch the wire at a large offset A of 0.92, the behavior resembles to
the previous case of large offset. The contacts do not change very much the outcome of the
droplets’ spacing, size, or velocity. However, when the droplets approach more towards the
center of the wire from above, at an offset of 0.33, a thicker liquid film builds up from the
side of contact due to droplet coalescence. There is a also much longer and thicker fluid
ligament attached from the bottom of the wire. This shape of the ligament becomes very
irregular and wriggles around. The wriggling of the ligament also induces agitation. When
the ligament becomes long enough, a new drop is formed by liquid detachment from the end
of this ligament. This droplet is much larger than the original droplet. At a very small offset
of 0.09, a very large and nearly spherical drop of about 5.1 mm in diameter is formed, prior to
detaching from the wire.

Similar phenomena can be found in Fig. 4.4 for the case of droplets impacting on the
largest wire with diameter of 1580 pum (R = 0.43). At a large offset A of 0.93, the droplets
slightly touch the wire and the contacts have a negligible influence on the spacing, velocity,
and shape of the droplets. At a medium offset of 0.59, as shown in this figure, the
accumulation of the liquid droplets in a form of liquid film builds up a even thicker ligament
beneath the wire. Like the previous case, the wriggling of this ligament causes agitation and
induces a detachment of a large drop from the bottom of the ligament. However, at a small
offset of 0.05, this ligament does not wriggle very much. It starts to neck and a huge drop of
about 6.5 mm is slowly formed. Eventually, the weight of the drop becomes sufficient to
induce detachment from the ligament beneath the wire.
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Figure 4.2  Impacting phenomena of droplets on 381 pan wire (R = 1.77)
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Figure 4.3  Impacting phenomena of droplets on 813 pan wire (R = 0.83)
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Figure 4.4  Impacting phenomena of droplets on 1588 um wire (R = 0.43)

The cases with wires of 508 um (R = 1.32) and 1190 um (R = 0.57) in diameter exhibit
trends similar to the three extreme cases described above. To summarize the outcomes of all
the impacting phenomena in this study, a regime map is provided in Fig. 4.5. This map is
plotted based on the non-dimensional parameters of the offset ratio (A) and the wire to drop
diameter ratio (R')at the Weber number of 37.9. For large offsets, single drops at similar
size and velocity are generally found independent of the variation of the drop to wire size
ratio. For medium and small offsets, liquid film builds up on the wire and generates a
ligament. Larger drops are formed as a result of detachment from the end of the ligament. If
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the drop is much smaller than the wire, then even larger drops are generated. The boundaries
of the zones in this map are not sharp; however, they serve as a first order estimation of the
outcome of other similar impacting processes. Smaller droplets, for example, may have a
different impact behavior because of the higher surface forces. In addition, the phenomena
of water spreading on the wire may be dependent upon the fact that a water film exists
consistently on wire. Therefore, it is expected that the boundaries of the zones could be
slightly different at other Weber numbers and/or droplet impaction rates.
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Figure 4.5 Regime map for the outcome of regular offset impaction

(We = 37.9, droplet diameter = 680 um, droplet rate = 1000/sec)

4.2 Single Droplet Impaction by Drop-On-Demand Condition

Figure 4.6 shows the dripping drops phenomena of another situation of droplet impaction on
wires. In this case, the droplets are generated using a modified droplet generator through a
drop-on-demand operating condition. The droplets are approximately 110 um in diameter
moving downward at about 1 m/s. They impact on the wires directly without the influence of
the air jets. The droplet Weber number is about 4.0. At such a low Weber number condition,
the droplet has very little inertial force and the interfacial contact is dominated by the surface
tension effect. As shown in Fig. 4.6, the profile of the hanging drops highly resembles the
pendant drop situation. This suggests that the dripping phenomena will be a purely gravity
induced situation. In general, the dripping drops are larger as the wire size increases, due to a
larger interfacial contact area. Once the volume of the pendant drop reaches a critical value,
necking begins near the contact point and the drop detaches from the wire.
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Figure 4.6  Phenomena of droplets hanging on wires (Drop-on-demand mode)
(Droplet Weber Number = 4, droplet diameter = 110 um)

4.3 Random Droplet Impaction

Figure 4.7 illustrates another experimental study of the droplets impacting on wire at random
offset. Mono-size water droplets of 350 um in diameter were generated using the droplet
stream generator. The droplet stream was then perturbed by two small opposing air jets so
that the droplets became more randomly spread when they approached the wire. The velocity
of the droplet was determined by measuring the jet diameter and the volume flux which gave
the incoming velocity ranging between 2.8 m/s and 7.0 m/s. Four velocities of the droplets
were used for the impaction studies which corresponded to the droplet Weber number
conditions of 41, 98, 172, and 230. Seven wires of various sizes were selected in the present
investigation: 113, 254, 381, 508, 813, 1190, and 1588 um. The volumetric flux was
determined by direct collection of local flux at the location where the wire was located. It
was measured to be 17.6 cc/min/cm?.

O
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Figure 4.7  Schematic of random offset droplet impaction
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4.3.1 Non-dimensional Parameters

The controlling parameters of the impacting phenomena in this part of study are the incoming
droplet diameter (d), fluid property of the droplet (o, p;), incoming droplet velocity (V,), and
the wire diameter (D). In addition, dripping drop may be formed gradually beneath the wire
under the influence of gravity in some cases. Therefore, the gravitational constant { {g) and the

size of the dripping drop (D’) are also considered in the analysis. Figure 4.8 shows the
schematic drawing of the impacting situation.

Odop

Vo |

Figure 4.8  Physical parameters for the impacting situation

A more generalized representation of these parameters can be grouped into four non-
dimensional forms. In addition to the droplet Weber number (We) and the size ratio of wire
diameter to the incoming droplet diameter (R), the size ratio of the dripping drop to the wire
diameter (R’) and the Wire Bond number (B) are also employed in this analysis with the
following definitions:

R=— (4.4)

BNCrT) )

The wire Bond number is the ratio of the gravitational force to surface tension. This Bond
number is important in the analysis when the effect of gravity is considered for the drops
dripping under the wire.
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4.3.2 The Random Droplet Impaction Phenomena

Generally, when the droplets impact on the wire, they have a tendency to wet and stick to the
surface. The contact usually creates a thin liquid film on the wire. Depending on the size of
the wire, this thin film may either break up into smaller drops if the wire is small, or it may
grow into a ligament hanging beneath the wire if the wire is large. This ligament may evolve
into a wriggling fragment or a pendant drop profile which eventually would detach from the
wire. Figure 4.9 shows the typical classifications of the droplet impacting phenomena on
wires, which are the disintegration mode, momentum-induced dripping mode, and gravity-
induced dripping mode.

A) Disintegration B) Momentum-induced C) Gravity—indce
dripping dripping

Figure 4.9 Typical classifications of the droplet impacting phenomena

The disintegration mode occurs primarily when the droplets of moderate impacting
velocity come into contact with a wire which is smaller than the incoming droplet. If the
droplet velocity is very high, this mode would also happen even if the wire is larger than the
droplet. As shown in Fig. 4.9A, when the droplets impact onto the surface of the wire, the
wire serves as a shearing or cutting medium to the droplet. The minimal contact between the
droplets and the wire causes a small surface tension effect at the interface. The water film
being developed on the wire warps around the top portion of the wire and forms a “V’ shaped
fragment. It splits into two halves, one on each side. Each small fragment behaves like a
small water jet and emerges straightly outward. Eventually, each thin liquid jet disintegrates
into even smaller drops.

Figures 4.9B and 4.9C demonstrate the phenomena of drops dripping from the bottom of
the wire. This observation can be divided into 2 modes: (1) momentum induced dripping
mode, and (2) gravity induced dripping mode. These modes are usually observed when the
wire is larger than the droplet size. The gravity induced dripping resembles to the situation of
dropwise condensation from the bottom of the horizontal tubes.

In the momentum induced dripping mode, when the incoming droplets make contacts
with the wire, a water film builds up consistently. The film runs off from the contact point
and wraps around the wire from both sides, and finally the film reattaches and forms a large
fragment beneath the wire. There are two reasons for which a longer and thicker fragment is
formed. Firstly, the water film carries downward momentum from the top side of the wire,
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and secondly, droplets may impact on this ligament directly without hitting the wire. The
shape of this fragment is very irregular. As the fragment becomes larger, it wriggles more
vigorously under the influence of gravity as well as the momentum added by the impacting
droplets. Finally, the surface tension at the interfacial contact can no longer sustain the
combined effect of the weight and the downwards force of the impacting drops on the
ligament. At this point, the drop detaches from the wire and drips off.

In the gravity induced dripping mode, the formation process of the dripping drops is very
similar to the previous case. However, the shape of the dripping drops are much more
spherical. The liquid feeding into the ligament carries less downward momentum due to
larger size of the wire or lower droplet velocities. As a result, the shape of the ligament
resembles to the form of a pendant drop. Eventually, when its weight is large enough to
overcome the surface tension at the wire interfacial surface, the drop detaches from the wire
and drips off at gravity. The size of the dripping drops in this case is usually larger than the
ones in the case of momentum induced dripping. Occasionally, there are some satellite drops
formed when the big pendant drop detaches from the wire.

Figure 4.10 shows the typical impacting phenomena as a function of wire size from 113
to 1588 pm and the droplet Weber number from 41 to 230. The incoming droplet size is 350
pum for all these cases. Disintegration occurs consistently when the droplets impact on the
113 um wire (R = 0.34), regardless of the Weber number condition. For a larger wire
diameter of 254 pm, disintegration only occurs at the higher Weber numbers of 172 and 230.
For even larger wires of 381 um and 508 pum, disintegration only appears at the highest
Weber number of 230. At the wire size of 813 um and larger, no more droplet disintegration
is observed.

Phenomena of momentum induced dripping also occur in a limited range of droplet
Weber number and wire size. At the lowest Weber number of 41, all the dripping drops tend
to be gravity-induced. At the Weber number of 97, droplets impacting on wires with
diameter of 254, 381, and 508 um give rise to momentum induced dripping drops. At a
higher Weber number of 172, similar phenomena also occur at larger wire sizes of 381 pum
and 508 um. As the Weber number further increases to 230, only the wire of 813 um would
result in a momentum induced dripping phenomena. All other cases of droplets dripping
from the wires show a reasonably spherical form of the pendant drops, indicating the
situation of gravity induced dripping mode.
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Figure 4.10 Phenomena of random droplets impacting on wires
(Incoming droplet diameter = 350 pm)



To summarize all the conditions studied, a regime map is obtained to provide an overall
quantitative analysis for the outcome of the impacting process. This is presented non-
dimensionally in terms of the incoming droplet Weber number (We) and the size ratio of wire
diameter to droplet diameter (R). This regime map is displayed in Figure 4.11.

On the regime map, the square symbols represent the disintegration mode (Regime I), the
triangle symbols are for the momentum induced dripping mode (Regime II), and the circle
symbols are for the gravity induced dripping mode (Regime III). Two lines are used to divide
the different regimes. The boundaries of the zones in the map are not sharp, but they can be
used as a first order criteria for predicting the impacting outcome of other similar process.
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Figure 4.11 Regime map of the overall impacting phenomena

4.4 The Dripping Drops

As reported earlier, dripping drops are frequently observed due to the formation of the liquid
fragment under the wire. It is therefore of interest to quantify the size of the dripping drops
as a function of the wire size and Weber number.

From the photographs shown in Fig. 4.9, it can be observed that some of the dripping
drops are not truly spherical. After detaching from the wire, they appear to be the prolate
spheroids with a major axis L, and a minor axis L. An equivalent drop diameter of a prolate
spheroid can be found by equating its volume in the following equation:
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Therefore, the equivalent diameter of the dripping drop can be found by:
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This formulation is used for deducing the data from non-spherical dripping drops.

Figure 4.12 shows the relationship between the diameter of the dripping drops and the
wire size at three Weber numbers of 41, 97, and 230. The typical size range of the dripping
drops is between 2.6 mm and 4.4 mm. In general, a larger dripping drop is associated with a
larger wire at a given Weber number condition. The rate of increase gets smaller as the wire
size increases. However, as the Weber number increases, the droplets give more downward
momentum in addition to the weight of hanging drop to balance with the surface tension.
This gives a smaller size of the dripping drops.
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Figure 4.12  Plot of size of dripping drop verses wire diameter
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4.5 Droplets Impacting on Waxed Wires

The wetting effect of the surface would affect the interfacial contact and the contact angle
between the liquid phase and the solid surface. Consequently, it would influence the size of
the dripping drops. Therefore, a preliminary investigation of the droplets impacting on
waxed wires has also been studied. The dripping size of the drops is estimated from the
images. As shown in Figure 4.12, at the Weber number of 98 and for the wire diameters of
381, 508, and 1190 pm, the dripping drops detached from the waxed wires are about 40%
smaller than the ones from the non-waxed wires. This is because when the surface of the
wire is waxed, the interfacial contact angle between the wire and the liquid film increases and
the effect of surface tension is reduced. Therefore, the film has much less tendency to stick
or wet the waxed surfaces. Similar observations have also been found on another impaction
study in which the droplets impacted onto the non-wetting Teflon wire.

Figure 4.13 displays a log-log plot of the size ratio of the dripping drop to the wire
diameter (R’) verses the wire Bond number (Bw). The wire Bond number is an important
parameter for the dripping drop measurement because it relates the balance of surface tension
with the gravitational effect. All symbols generally fall onto linear trends on the log-log plot.
It appears that the trend is relatively independent of the Weber number condition. Using a
least square fit method to fit the available data, the correlation for the non-waxed wire is
found to be:

R'=1813B, %™ (4.8)

And for the waxed wire impaction at the Weber number of 98, the correlation is:

R'=1299B,%" (4.9)

Within the experimental range, Equations (4.8) and (4.9) can be used to predict the size of the
dripping drops at any given Bond number with a reasonable confidence.
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Figure 4.13  Plot of R’ verses Wire Bond Number (Bw)

Concluding Remarks

Experimental studies of water droplets impacting on cylindrical wires were conducted
systematically. The effect of droplet velocity and the wire sizes were varied parametrically to
reveal the impaction characteristics. The operation of the two droplet generators showed
high potential for generating droplets in a variety of operating conditions. Some concluding
remarks of the investigation are listed below:

1)

2)

3)

4)

5)

The typical modes of impaction outcome were disintegration and dripping. Smaller
droplets were disintegrated if the incoming droplets had higher velocity or the wire
diameter was small. Larger dripping drops were formed when the velocity was low or
the wire diameter was large.

A non-dimensional map was obtained to identify the regime of disintegration mode,
the momentum induced dripping mode, and the gravity induced dripping mode. This
map could be used to predict the impacting outcome at similar conditions.

The sizes of the dripping drops were measured and were plotted against the wire
Bond number. The non-dimensional dripping size had also been correlated well with
the Bond number. A linear trend on a log-log plot exhibited that the wire Bond
number was an important parameter for dripping drop size measurement.

The contact angle effect was also examined by studying the droplets impacting on
waxed wire. The drops dripping from waxed wires were generally smaller than the
ones from the non-waxed wires due to the reduced surface tension effect at the
interfacial contact.

Results of regular offset impaction and drop-on-demand impaction were consistent
with the random offset impaction situations.
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Chapter Five

The Impaction of Droplets on Horizontal Screens

Summary

This chapter presents the continuation of the droplet impaction experiments on wire screens.
Mono-size droplets of 350 um in diameter were generated using a piezoelectric droplet
generator. For droplets impacting on coarse screens, they wetted the wires by forming thin
liquid lumps. As these lumps of water film accumulated around the wires, dripping drops
were produced on the bottom side of the wire. This phenomenon was very similar to the
dripping drops from a single wire situation presented in previous chapter. For finer screens,
the liquid film on the top surface permeated through the fine mesh openings and formed
liquid ligaments at the bottom side of the screen. This ligament continued to grow in the
form of a pendant drop. This situation resembled a dripping phenomenon from the bottom
side of a flat surface. Eventually, when the weight of the pendant drop was large enough to
overcome the surface tension effect associated with the contact surface of the screen, the drop
detached from the wire and dripped off.

5.1 Background

The penetration of droplets through the screen structures is widely encountered in a variety of
industrial applications. For example, in distillation processes, woven wire screens are used
extensively for separating the liquid droplets from gaseous streams. They can also be utilized
in typical process plants for size classification, product separation, impurity removal, particle
filtration, and mist elimination (Muldoon, 1984; Capps, 1994). In addition, ventilating
screens are often employed in electronic equipment compartments. In order to extinguish the
fire which occurs inside the compartments, fine water mist flow can be applied to penetrate
into the compartments through these ventilating screens. Hence, the interactions of the mist
droplets with the screen are essential for the fire suppression effectiveness.

A typical mesh screen is made up of wires of a particular diameter interweaving together
to form a perforated planar structure with a desirable mesh opening size. Depending on the
applications, the wire sizes and mesh openings of a screen may vary typically from
micrometers to millimeters. The texture of the woven wire screen may be as soft and flexible
as silk cloth or as rigid and durable as solid steel plate (Soar, 1991).

When droplets carried by gaseous streams pass through a screen, some droplets may be
trapped by the wire meshes while others may penetrate through directly. Even though the
screens may appear to be planar in many practical applications, their characteristics subject to
droplet impaction are far more complicated. During the impaction, thin liquid films may
build up on both sides of the screens. In Chapters Two, it has been demonstrated that the
penetration of droplets is dependent upon the blockage fraction (B) of the object’s
configuration. Therefore, once these films evolve into the dripping drops under the screen,
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they would obstruct partially the clear flow path of the original mesh opening configuration

and alter the blockage fraction (i.e., B) of the mesh screens. As a result, the overall

penetration processes are strongly influenced by the droplet size, the flow condition, the
configuration of the screens, and the behavior of the liquid films subsequent to the impaction
process.

Much of the available literature on the droplet impacting phenomena is only applicable to
flat solid surfaces (Chandra and Avedisian, 1991; Cohen, 1991; Fukai, et al., 1995).
However, the impacting phenomena of the droplets on wire screens remain uncertain because
very limited literature in this area has been reported. Apart from the results of the penetration
of sub-micron range ultrafine particles through fine screens (Wang, 1996; Ichitsubo et al.
1996), not much information is available for larger droplets impacting on screens with wires
of comparable sizes. Therefore, the objective of this study is to investigate the phenomena of
water droplets impacting on wire screen structures. Figure 5.1 displays the schematic of the
impacting process. Since a wire screen is composed of a multitude of interweaving wires, the
fundamental understanding of droplets impacting on single wires (Hung and Yao, 1997) will
provide an essential basis for the impacting process on more complex wire screen structures.

Figure 5.1  Schematic of the droplets impacting on a horizontal screen

5.2 Description of the Wire Mesh Screens

Some common types and general specifications of wire screens have been reviewed by
Muldoon (1984). Plain square weave wire screen was chosen for the current investigation.
The square meshes are formed by passing wires over and under other successive warp wires
in a perpendicular orientation. The term ‘mesh’ refers to the number of openings per linear
inch. The distance is the length between the two centers of the adjacent parallel wires, which
is simply the inverse of the mesh number. The clear width of mesh opening is the distance
minus the diameter of the wire. For example, a 5 by 5 mesh screen with diameter of 0.063 in
(1.588 mm) has 5 square openings per inch on each side, a distance of 0.2 in (5.08 mm)
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between the diameters of the 2 wires, and a clear width of mesh opening of 0.137 in (3.48
mm).

In the current experiments, 20 plain weave, stainless steel screens with different wire
sizes and mesh openings were selected. They were supplied from several commercial screen
manufacturers. The dimensions of the screens were ranging from a coarse screen of 1.6 mm
wire diameter with 2 by 2 meshes to a fine screen of 0.14 mm wire diameter with 100 by 100
meshes.

5.3 Results and Discussions

5.3.1 The Impaction Phenomena

Experimental results show that some droplets may pass through the meshes of certain coarser
screens without hitting them. As the screens become finer, some droplets may impact on the
screens directly. These droplets tend to wet the wires and create thin liquid films (Padday,
1957). Figure 5.2 displays the schematic of the general behavior of the droplets impacting on
a horizontal screen. Thin liquid films can be accumulated randomly over the screen surface.
As the liquid films build up, they warp around the wires which cause dripping drops on the
bottom side of the screen.

Figure 5.2  General impacting phenomena of droplets on a horizontal screen

For all the screens being studied, the dominant outcome of the impaction is the dripping
phenomena. The specific dripping characteristics depend on the incoming droplet size,
velocity, the wire diameter of the screen, and the size of the mesh opening. Typically, large
dripping drops are formed at different locations across the screen, for example, at the bottom
side of a single wire, at the corners of the meshes, and even at the mesh stitch apertures
surrounded by the wires. If the screen is very fine, the accumulation of droplets would form a
thicker film on top which gradually permeates to the bottom side. The pendant drops
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forming in this situation resembles a flat plate dripping situation. The overall dripping drop
formation can be approximately divided into 4 types of dripping observations. It is noted that
different dripping phenomena can be observed simultaneously in a given screen. The
identification for differentiating the various observations is based on the dominant outcome
of the phenomena.

Droplets with higher impacting velocity of about 7 m/s were also tested for the impaction
study. However, it was found that the droplet velocity of 7 m/s did not affect the impacting
phenomena substantially.

5.3.2 Dripping Drops Formed under Single Wires (Type 1 and Type 2)

Figure 5.3 displays both the top and bottom viewing perspectives of the phenomena of
droplets impacting on a coarse screen of 2 x 2 mesh with wire diameter of 1.19 mm and a
clear width of mesh opening of 11.51 mm. In general, during impaction, lumps of water wet
the wire surface and stick onto the wire at the locations of the impact. The liquid film
gradually warps around the wire as more droplets accumulate. As seen in the pictures, some
drops are hanging under the bottom side of the wire. The film gradually evolves into a
pendant drop profile. Eventually, the weight of each drop becomes large enough to overcome
the surface tension force at the interfacial contact and the drops detach from the wire and fall
down. This dripping phenomenon resembles the situation of that for a single wire (Hung and
Yao, 1998). In addition to the main dripping drops, smaller satellite droplets are occasionally
formed after the primary drops detach from the screen. In addition, dripping drops also occur
at the corners of the meshes formed between 2 crossing wires. The dripping drops formed at
these locations are generally larger than the ones formed at the bottom side of a single wire.
This is because the interfacial contact area between the liquid and wire at the corner locations
is larger than that at the bottom side of a wire, creating a larger surface tension force.

5.3.3 Dripping Drops Formed under Single Mesh Aperture (Type 3)

Dripping also occurs under single mesh apertures surrounded by the wires, as demonstrated
in Figure 5.4 for a medium screen of 8 x 8 meshes with wire diameter of 0.71 mm and a clear
width of mesh opening of 2.46 mm. This screen is finer than the previous one. In
accordance with the observation by Padday (1957), the droplets that coalesce the wires will
reach a critical volume when spreading to form a film over the surface. The film is then
drained toward the ‘cross-over’ points of wire in the basic interweaving structure. There are
the locations where the effective pore apertures are smallest (Feord et al., 1993). As
displayed in the pictures, instead of dripping directly under the wires as in the previous
situation, pendant drops are formed mostly under the mesh stitch apertures. The size of the
pendant drops can be determined by the physical dimensions of the aperture which is
dependent on the stitch geometry of the woven screen. Generally, the dripping drops in this
case are larger than the ones in the pervious case.
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5.3.4 Dripping Drops Formed under a ‘Flat’ Surface (Type 4)

Figure 5.5 displays another situation of droplets impacting on a very fine screen. This screen
has 60 x 60 meshes with wire diameter of 0.19 mm and a clear width of mesh opening of
0.23mm. This fine screen resembles a perforated flat sheet with miniature mesh openings.
For droplet impacting on a fine screen, a thin water film is generally built up on the top side
of the screen. This film becomes thicker and it gradually permeates to the bottom side
through the tiny mesh openings. This film continues to grow underneath in the form of a
pendant drop under the gravity effect. This situation resembles the breakaway of a drop from
a flat horizontal wetted surface (Tamada and Shiback, 1966). As demonstrated in Fig. 5.5,
there are 3 potential spots where the dripping drops are forming. Eventually when the weight
of the nendant drop is laree enough to overcome the surface tension force associated with the
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contact area of the screen, the drops break away by detaching from the screen.

Top view Bottom view

Figure 5.3 2 x 2 mesh screen with wire diameter of 1.19 mm

Top view | Bottom view

Figure 5.4 8 x 8 mesh screen with wire diameter of 0.71 mm
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Top view Bottom view

Figure 5.5 60 x 60 mesh screen with wire diameter of 0.19 mm

5.4 Non-dimensional Parameters

Non-dimensional parameters and correlations will be used to analyze the outcome of the
impaction characteristics. The controlling parameters of the impacting phenomena in this
study are the incoming droplet diameter (d), fluid property of the droplet (o, pL), incoming
droplet velocity (V,), the wire diameter (D), and the clear width of mesh opening (L).

A Screen parameter (S) is used to describe the type of screen with the following
definition (Cheng and Yeh, 1980):

S =—t ;.1

In our screen selection, the wire diameter (D) and the screen thickness (h) are assumed to
be of the same size. The P is the solid fraction of the screen which is a function of both L
and D. In general, a fine screen is represented by a high S value.

Figure 5.6 displays a regime map for the different types of dripping drop formations on a
screen by plotting the clear width opening non-dimensionalized by the incoming droplet
diameter against the screen parameter. Dripping drops are usually observed either from the
underside of the wires or from the mesh stitch apertures. Type 1 (solid square symbols)
represents the dripping drops formed at the bottom side of a single wire while Type 2 (solid
circle symbols) represents those formed at the corners of the meshes. Type 3 (open square
symbols) is for the dripping drops formed under the mesh apertures and Type 4 (open circle
symbols) resembles the drops dripping off from a flat horizontal surface. A dotted line is
drawn on the map to globally identify the primary dripping drop formation. Typically,
dripping drops formed under wires or corners are associated with coarser screens which are to
the left side of the line. On the other hand, dripping from meshes is likely to occur for finer
screens on the right side of the line. This dotted line only serves as a first order prediction for
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the outcome of similar impacting processes. It is believed that the line could be drawn
slightly different at other incoming droplet sizes, velocity, and volumetric flux.
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Figure 5.6 A regime map for the phenomena of dripping drops from screens

5.5 Measurement of the Size of the Dripping Drops

It is observed from the images that some of the dripping drops may not be truly spherical, but
look similar to the prolate spheroids. Therefore, an equivalent drop diameter of a prolate
spheroid can be found by using the equations 4.6 and 4.7 outlined in the previous chapter to
deduce the corresponding diameter of the dripping drop.

Figure 5.7 illustrates the relationship between the diameter of the dripping drops and the
screen parameter. The typical dripping drops are ranging from 3.5 mm to about 6 mm in our
studies.
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Figure 5.7  Size measurement of the dripping drops from horizontal screens

Smaller dripping drops are associated with coarser screens. In general, if the width of the
mesh opening is wide enough so that only dripping drops from the wires are encountered, the
dripping size decreases as the wire size decreases.

Hung (1998) derived a correlation of the dripping drop size as a function of single wire
diameter. This Equation (4.8) is restated here to quantify the size of the dripping drop:

—0.786

D

a,
pig

D'=1813D

(4.8)

Figure 5.8 shows the comparison between the prediction of drops dripping from single wires
and the dripping drops from the screens in Type 1 situation. If the screens are coarse enough
such that the dripping drops are formed at the bottom side of the wires, then the above
expression can be used to predict the dripping drop size reliably.
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Figure 5.8  Plot of size of dripping drops from the underside of wires on a screen verses
prediction from single wires situation

From our results displayed in Figure 5.8, the largest dripping drops are formed from the
fine screen situations which resemble the flat plate dripping situation. Tamada and Shiback
(1966) derived an expression for a drop slowly formed by dripping from a horizontal flat
surface, based on a balance between the gravitational and the surface tension forces, as
follows:

o 0.5
ps{2)
o (5.2)

Therefore, for a water drop dripping off from a flat surface at a very slow flow rate, its
diameter would be about 9 mm. It is worth to note that even though a very fine screen may
look like a solid flat surface with similar dripping observation, the dripping mechanisms in
both cases are quite different. Therefore, equation (5.2) may be used to provide the
maximum diameter limit of a water dripping drop.
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5.6 Concluding Remarks

An investigation of the water droplets impacting on wire mesh screens was studied
experimentally. Experimental results showed that some droplets might pass through the
screen without hitting it. For the droplets which impacted on the screen directly, the
dominant outcome of the impaction was dripping. The dripping characteristics depended on
the incoming droplet velocity, the wire diameter of the screen, and the size of the mesh
opening. For droplets impacting on coarse screens, the dripping phenomena resembled the
situations for single wire. For droplet impacting on fine screens, a thin water film was
formed on the top of the screen and it gradually permeated to the bottom side through the
small mesh openings. This film continued to grow underneath in a form of a pendant drop
under the gravity effect. Eventually when the weight of the pendant drop was large enough to
overcame the surface tension effect associated with the contact surface of the screen, the drop
detached from the screen and dripped off. Non-dimensional parameters could be used to
analyze the outcome of the impaction characteristics.

59



Chapter Six

Summary and Recommendations

6.1 Summary of the Research

The present research has been carefully designed to examine the key fundamentals of the
transport mechanisms, impaction, and penetration of water mist droplets, and to predict their
implications through compartment openings during fire situations. Particularly, the transport
and the impacting dynamics of spray droplets on objects with complex geometry have been
investigated. The two-phase gas droplet transport in the vicinity of a variety of objects was
examined numerically using the computational fluid dynamics framework. The collection
and penetration characteristics of droplets through an array of objects were modeled and
formulated analytically. The impacting dynamics of droplets on wires and screens were also
investigated experimentally. The general conclusions of this research accomplished are
outlined below:

The analysis of the droplets falling in stagnant air shows that the volumetric spectrum has
a high population of the smaller droplets. In addition, there is a considerable time delay of
the arrival of the mist sprays than that of the typical sprinkler drops.

Numerical CFD modeling to investigate the transport of droplets in a gaseous
surrounding around the objects with complex geometry was successful in visualizing the
droplet distributions in the vigorous flow field. An analysis based on the two-phase Navier-
Stokes equations was achieved to reveal the motions of droplets in the vicinity of rectangular
strips at an isothermal environment. When Re is about 3125, a transient vortex shedding was
found behind the strip. Small droplets (<50 pm) would follow the air streams of the flow
wake in order to migrate to the center area beneath the strip and probably to reach the fire.
This illustrates that water mist has a better chance to reach the fire behind the obstructions.

The non-dimensional impaction parameter (K) was determined to be a good parameter to
determine the deposition patterns on the surface of a single or multiple objects. The
penetration efficiency of droplets through an array of objects was formulated using the
collection efficiency () and geometry consideration (B). It was recommended that the
penetration efficiency of a 3-D complex screen object could be approximated by using the
results of the 2-D rectangular strip through equation (2.11) with reasonable agreement.

The impacting dynamics of the droplets onto the opening structures of the equipment
compartment has also been investigated parametrically by considering the droplets impaction
on wires and screens. The effect of droplet velocity, droplet sizes, wire sizes, and wire mesh
configurations were varied parametrically to reveal the impaction characteristics. Both the
droplet stream and drop-on-demand generators were feasible to produce the droplets in a
wide variety of operating conditions for the impaction studies.
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The typical modes of impaction outcome on wires were disintegration and dripping.
Drop disintegration was likely to occur if the incoming droplets with high velocity impacted
on the wires with smaller diameter. On the other hand, larger dripping drops were formed if
the droplet velocity was low or the wire diameter was large. A non-dimensional map was
obtained to identify the regime of disintegration mode, the momentum induced dripping

mode, and the gravity induced dripping mode. This map could be used to predict the

1g outcome at similar conditions.

The size of the dripping drops increased with increasing wire diameter. The non-
dimensional dripping size had also been correlated well with the Bond number. A linear
trend on a log-log plot exhibited that the Bond number was an important parameter for
dripping drop size measurement. In addition, the contact angle effect was also examined by
studying the droplets impacting on waxed wire. The drops dripping from waxed wires were
generally smaller than the ones from the non-waxed wires due to the reduced surface tension
effect at the interfacial contact.

Another investigation of the water droplets impacting on wire mesh screens was also
studied experimentally. Experimental results showed that some droplets would pass through
the screen without hitting it. For the droplets which impacted on the screen directly, the
dominant outcome of the impaction was dripping. The dripping characteristics were
dependent upon the incoming droplet velocity, the wire diameter of the screen, and the size
of the mesh opening. For droplets impacting on coarse screens, the dripping phenomena
resembled the situations for single wire. For droplet impacting on fine screens, a thin water
film was formed on the top of the screen and it gradually permeated to the bottom side
through the small mesh openings. This film continued to grow underneath in a form of a
pendant drop under the gravity effect. Eventually when the weight of the pendant drop was
large enough to overcome the surface tension effect associated with the contact surface of the
screen, the drop detached from the screen and drips off. Non-dimensional Screen parameter
was found to be a good way to correlate with the size of the large dripping drops.

This research has provided a promising procedure to systematically evaluate the
dynamics, impaction, and penetration of droplets through the complex objects. For example,
in applying a water mist for suppressing fire inside an equipment compartment, it is desired
to determine the behavior and the subsequent condition of the mist droplets while they are
penetrating into the compartment. Therefore, if the initial mist and gas conditions (droplet
size, drop impacting velocity, gas velocity, and so on) and the configurations of the complex
objects (dimension of structure, blockage to opening ratio, etc.) are given, the amount of mist
penetrating through the openings of the objects can be predicted based on the number
densities, inertial impaction parameter, and penetration efficiency (equation 2.11) through the
flow analysis. The droplets which penetrate through directly will likely be governed by the
gas streams. Then, for those droplets intercepted by the structure, non-dimensional regime
maps and correlations developed in this study can be employed to predict their impacting
behavior and outcome subsequent to the impaction processes.

61



6.2 Recommendations of Areas for Future Research

A few areas for future research have been identified in continuation of the work already
accomplished in the present report. They are listed as follows:

o The analysis of the droplet transport using the computational fluid dynamics approach
has been demonstrated to be reasonably successful in understanding the complex flow
interactions between the turbulent gas streams, droplet dynamics, and the geometry of
the objects. However, this investigation concentrates mainly on the dynamics and
transport of droplets in an isothermal environment, in which there is no droplet
evaporation being considered. In many other situations, for example, in the presence
of a temperature field, there exists high temperature gradient regions in the flow field
and the mists may evaporate and become vapor rapidly. The effect of mist
evaporation may become important for the effectiveness of water mists in fire
suppression. Therefore, taking into the effect of droplet evaporation into account may
yield more meaningful results, particularly for the purpose of understanding water

mist transport for fire suppression.

e In accordance with the above recommendation, for the droplet impaction experiments
accomplished, the wires and the screens were at the ambient temperature. It may be
of practical interest to continue the droplet impaction on heated wires and screens to
reveal the effect of temperature into the overall picture of analysis. Other objects
such as strips or rods could also be examined for the impaction study.
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